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To improve the accuracy of the calculation for the current mineral resource reserves, a calculation method
for mineral resource reserves based on multi-point geostatistics was proposed. The new method, including
four major steps, focuses on calculating resource reserves of ore body accurately for rational development and
utilization of mineral resources. To represent the spatial geometric relationship of the ore body accurately, a
three-dimensional irregular tetrahedron voxel (3D ITV) model construction method for the ore body is proposed
first. Second, a tetrahedron voxel grade model built by the mineral reservation calculation oriented multi-point
geostatistics method is proposed. The construction of 3D training image, definition of data template with
N-order adjacency voxels, construction of search trees and conditional probability extraction of data event are
conducted in this step. Finally, the resource reserves of the ore body are calculated on the basis of the tetrahedron
voxel grade model. A calculation experiment of copper reserves is conducted to demonstrate the validity of the
new method. The new method can be meaningful to the exploration, development, and utilization of mineral
resources.
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1. Introduction

With the development of smart mining and sustainabil-
ity, the efficiency of mineral resource development and
utilization must be improved [1, 2]. Accurate calculation
of available reserves of geological objects is necessary for
the comprehensive development and utilization of mineral
resources [3, 4]. However, the accuracy of the available
reserves calculated by existing methods is reduced signif-
icantly when the geological objects are complicated [5, 6].
Therefore, exploring the calculation method for complex
geological objects is greatly important [7, 8].

At present, the calculation methods of mineral reserves
contain two categories, namely, geologic block methods
and geostatistics methods [9-12]. In the geologic block

method, the ore body is manually divided into uneven
parts (named blocks) according to the ore geological condi-
tion, and then the thickness, volume and reserves of each
block are calculated by the weighted or arithmetic mean
method to obtain the resource reserves of the whole ore
body [13]. For the geologic block method, only several sam-
ple grades are selected as the average grade and the overall
spatial variability of the grade is ignored, causing devia-
tions in the calculation of mineral reserves and reducing
the accuracy of calculation results [14, 15].

The geostatistics methods consider mineralization phe-
nomena as random variables that related to spatial location
on the basis of probability statistics, and the variogram is
used to represent the correlation and variability of the spa-
tial regionalized variables [16-18]. The characteristics of
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the spatial regionalized variables are considered in the geo-
statistics methods, and the data of the exploration work can
be used extensively [19-22]. However, the variogram can
only calculate the correlation between two points in space.
Thus, the geostatistics methods have difficulty characteriz-
ing the spatial structure of complex geological bodies and
reproducing the geometric form of complex ore bodies [23].
Furthermore, the accuracy of experimental variogram is
low, if the sampling data is sparse or unevenly distributed
in the early stages of mining area. Thus, the correctness
and accuracy of the correlation between two spatial points
are reduced, resulting in the low accuracy of results [24,
25].

In a word, the overall spatial variability of grade of ore
body is not considered in the geologic block methods re-
ducing the accuracy of calculation results. For geostatistics
methods, the lack of exploration work results in great un-
certainty in the calculation of the variogram. Multi-point
geostatistics uses voxels as the basic unit to represent the
3D geometry of the ore body, and adopts a sequential non-
iterative algorithm. In addition, the variation characteris-
tics of the spatial regionalized variables are represented
by training images instead of the variogram. Thus, multi-
point geostatistics can improve the accuracy of assessment
results [26, 27].

On the basis of the single normal equation simulation
(Snesim) algorithm of the multi-point geostatistics [28], the
calculation method for mineral reserves based on multi-
point geostatistics is proposed. The basic idea and details
of the new method are delivered in Section 2. In Section 3, a
case study of the calculation of a copper mine is conducted
by using the new method. In Section 4, we deliver our
conclusions on the effect and accuracy of the new method.
Our results show that the new method can improve the

calculation accuracy of mineral reserves.

2. Methodology

2.1. Basic Idea and Overall Design

The current calculation methods of mineral reserves can
only represent the spatial correlation of two points losing
the 3D geometric relationship information of a complex
ore body, reducing the calculation accuracy of mineral re-
serves. the multi-point geostatistics can simulate unknown
points to describe the continuity and variability of spatial re-
gionalized variables, which is useful to simulate the grade
information of the mineral resources. The grade informa-
tion of regular hexahedron voxels can be fused into three-
dimensional irregular tetrahedron voxel (3D ITV) model to
construct the 3D training images. Compared with the exist-
ing models, the 3D ITV model can reflect the internal spatial

structure and details of the complex ore body, and provide
voxel model support for a high-precision reserve calcula-
tion. Furthermore, the 3D training images can represent the
relationships between spatial structure characteristics of
ore body and are mined to obtain the conditional probabil-
ity distribution of the grade in the unknown area by using
the improved Snesim algorithm. Thus, 3 the multi-point
geostatistics can improve the accuracy of mineral reserve
calculation.

The overall design of the new method involves three
major steps (Fig. 1). First, a 3D ITV model is constructed
on the basis of the multi-source geological data. An uneval-
uated tetrahedron voxel (UTV) model is built by filling real
boreholes into the 3D ITV model. Second, a tetrahedron
voxel grade model built by the mineral reservation calcula-
tion oriented multi-point geostatistics method is proposed.
The construction of 3D training image, definition of data
template with N-order adjacency voxels, construction of
search trees and conditional probability extraction of data
event are conducted in this step. Finally, the resource re-
serves of the ore body are calculated on the basis of the
tetrahedron voxel grade model.
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Fig. 1. Flowchart of the overall design.



Journal of Applied Science and Engineering, Vol. 26, No 12, Page 1809-1818 1811

2.2. Construction of 3D ITV Model

As a spatial geometric relationship carrier of internal at-
tributes, such as the grade of ore bodies, the 3D ITV model
can realize the integration of the internal attributes and
spatial geometry. This integration is a key step in the cal-
culation of mineral reserves. A construction method of the
3D ITV model for mineral reserve calculation is proposed,
which includes spatial geometric modeling and grade as-
signment of voxels. The 3D ITV model provides voxel
model support for a high-precision reserve calculation.

The main process of 3D ITV model construction involves
three steps. First, multi-source data, such as borehole data,
digital elevation model (DEM) data, and ore body bound-
ary data, are integrated. Second, the seaming multi-DEMs
and boundary representation (B-Rep) methods are used to
construct the 3D surface model. Finally, TetGen, a tetrahe-
dron mesh generation method of 3D spatial entities, is used
to divide the 3D surface model into a 3D ITV model [29].
The grade information obtained from the borehole sam-
pling should be assigned to voxels of the 3D ITV model,
which can be used as the evaluation object of the multi-
point geostatistic methods. The main process of the grade
assignment of voxels is as follows. On the basis of the
orifice coordinate, orifice radius, orifice elevation, and the
maximum depth of the borehole, the borehole is expanded
into a borehole cylinder with grade information. Then, the
spatial geometric relationship between the borehole cylin-
der and the voxels is judged. If they intersect, the grade
information is assigned to the voxels of the 3D irregular
tetrahedron voxel model. By performing the above pro-
cess on all borehole data, the grade assignment of voxels
is completed. Then, an UTV model can be built for the
mineral resource reserve calculation. In the UTV model,
voxels with grade values are called conditional data, while
other voxels with unknown grade values are called un-
evaluated voxels. The grade values of unevaluated voxels
are estimated by using the improved Snesim method of
multi-point geostatistics.

To organizing and managing irregular voxels of the UTV
model efficiently, the half-edge data structure is expanded
by adding voxel classes and correlative information [30].
In the expanded half-edge data structure, each face is com-
posed of two reverse half-faces [31]. Each half-face, called
the Cell, contains four members. The voxel is called the
Tetrahedron, to which the Cell belongs. The adjacent half-
face of the Tetrahedron is called Next. Then, the vertex set
of the Cell is called Points. The other reverse half-face is
called Pair, which shares the same face with the Cell. Thus,
any point, face, or voxel in the UTV model can be founded
through any Cell.

2.3. Mineral Reservation Calculation Oriented Multi-
point Geostatistics Method

Drawing lessons from the simulation calculation ideas of
the classical Snesim method in multi-point geostatistics, we
propose a mineral reservation calculation oriented multi-
point geostatistics method, including construction of 3D
training image and improvement of Snesim algorithm. The
improved Snesim algorithm involves definition of data
template with N-order adjacency voxels, the search tree
construction and extraction of conditional probability of
data event. 3D training images can quantitatively represent
the spatial structure characteristics of the ore body, and
provide a transcendental spatial structure support for the
method. The data template with N-order adjacency voxels
can extract spatial features of spatial regionalized variables.
Search trees can store and classify all patterns of the data
templates in 3D training images.

2.3.1. Construction of 3D Training Image

The 3D training image is not faithful to the structural in-
formation of the actual geological body, as it is only a con-
ceptual model of the geological body [32]. The 3D training
image can be used as a geological prior knowledge. A
construction method of 3D training images for the reserve
calculation is presented. The method includes two steps.
First, on the basis of the method of constructing the 3D
ITV model, the geometric model of the 3D training images
is constructed. Then, grade assignment of the geometric
model is performed. The process of grade assignment in 3D
training images mainly includes two steps: the generation
of the grade model of regular hexahedron voxel and grade
evaluation of 3D ITV model. The selected grid unit of 3D
training images fits the size of the UTV model. The selected
grid units are 3D ITV model taking the tetrahedron as the
basic unit. The grade model of regular hexahedron voxel
is constructed by using the spatial interpolation methods
of the Surpac software. Then, the grade values of a reg-
ular hexahedron voxel are assigned to 3D ITVs through
Boolean operation among spatial objects. Afterward, 3D
training images for the calculation of ore body reserves are
generated.

The construction of the grade model of regular hexa-
hedron voxel has three steps. First, the size of regular
hexahedron voxels is determined by factors, such as eval-
uation precision and calculation efficiency. Then, the ore
body is divided into hexahedron grids to establish a regular
hexahedron voxel model. Finally, the appropriate spatial
interpolation method, such as 3D Kriging method, is se-
lected to assign the grade of the regular hexahedron voxel
model on the basis of the grade information of the borehole
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sampling data.

On the basis of the grade model of regular hexahedron
voxel, the core of grade assignment for a 3D ITV model is
to determine whether a hexahedron and a tetrahedron in-
tersect. Then, the grade values of hexahedrons are assigned
to the 3D ITV model. Thus, 3D training images taking the
tetrahedron as the basic unit are constructed. The 3D train-
ing image can well simulate the boundary characteristics
and grade information of ore bodies. The process of grade
assignment is described as follows.

(1) The geometric model of a tetrahedron voxel and the
grade model of regular hexahedron voxel are loaded.

(2) The grade model of regular hexahedron voxel is tra-
versed, and the spatial topological relation between
each hexahedron and tetrahedron is judged. First, to
accelerate the speed of judging spatial topological re-
lation, the positional relationship of bounding boxes
is judged. If they are separate from one another, the
assignment operation can be ended directly, which can
further reduce unnecessary operations of the calcula-
tion of spatial topological relation. The intersection
of the hexahedron and the tetrahedron includes three
forms, namely, the intersection of the hexahedron and
the tetrahedron, the tetrahedron contained by the hex-
ahedron, and the hexahedron contained by the tetra-
hedron. The grade value of the regular hexahedron
voxel is assigned to the tetrahedron voxel to which the
regular hexahedron voxel intersects.

(3) The arithmetic mean of grades of multiple hexahe-
drons is considered as the grade value of a tetrahedron
when there is a spatial relationship (containing, inter-
secting and being contained) between the tetrahedron
and multiple hexahedrons at the same time.

(4) When the hexahedron voxels are traversed, the grade
assignment of all tetrahedron voxels is completed, in
other words, the 3D training images representing the
grade distribution can be generated.

2.3.2. Improvement of Snesim Algorithm

The basic unit of the 3D training image is tetrahedron,
which cannot be mined by the Snesim algorithm. Therefore,
the improved Snesim algorithm defines a data template
with tetrahedron as basic unit, namely, data template with
N-order adjacency voxels first. Then, the 3D training image
is mined by data template with N-order adjacency voxels
to construct a search tree. Finally, conditional probabilities
of data events from the search tree are extracted to calculate
the grade value of unevaluated voxels.

Definition of data template with n-order adjacency voxels ~ The
data template, which is composed of multiple adjacent data
units, e.g., voxels, can extract the spatial features of spatial
regionalized variables. This template is marked as 1, and
it represents the spatial geometric model composed by m
vectors (t,={h;;i=1,2,...... ,m}). If the center position of ;, is
assumed to be u, then the other positions of 7, are u;=u+h;.
Fig. 3(a) is a 3 x 3 two-dimensional data template whose
u; is determined by the center point (u) and eight vectors
(h;). In Fig. 2(a), the vectors are represented by grid points.
Fig. 3(b) is a 3 x 3 x 3 3D data template whose central voxel
(u) is represented by a black grid. The 3D voxels around the
central voxel u; represent the position of the spatial vectors,
which are represented by white grids in Fig. 2(b).

The data template with N-order adjacency voxels about
unevaluated voxels is defined by considering the signif-
icance of the data template and the spatial structure cor-
relation of the geological body. N-order adjacency voxels
are coplanar with unevaluated voxels. The adjacency vox-
els, which are coplanar with N-order adjacency voxels, are
sequentially searched. After coplanar searches are per-
formed n times, the obtained set of adjacency voxels is
used as a data template. To obtain N-order adjacency vox-
els around the Tetrahedron in the improved half-edge data
structure, the first-order adjacency voxels of the Tetrahe-
dron are searched. Information on the first-order adjacency
voxels is stored in the attribute of the AdjacentTetrahedron.
Then, the second-order adjacency voxels of the Tetrahe-
dron are determined. Afterward, the N-order adjacency
voxels of the Tetrahedron are searched. Some adjacency
voxels are reduced correspondingly if the boundary voxel
is touched. Given the boundary voxels in the adjacency
voxels of Tetrahedron, the size of the data template is not
fixed.

The data template with N-order adjacency voxels is suit-
able for the complex 3D ITV model. The credibility of the
evaluation results can be improved by using the N-order
adjacency voxels with a strong spatial correlation as the
data template. This template extends and explores the defi-
nition of a data template. Thus, new ideas are provided to
the application and development of multi-point geostatis-
tics in various research fields.

Construction of search trees  The data template mines the
3D training images by constructing search trees, and the
construction process uses a three-layer iteration. In the
first iteration, each tetrahedron voxel of the 3D training
images is traversed to obtain the N-order adjacency voxels
set. The adjacency voxels with grade values are stored, and
the ID of voxel is stored uniquely in a data template (called

templateTetralD). In the second iteration, the current tetra-
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Fig. 2. Illustration of regular data templates, (a) 3 x 3 two-dimensional data template, (b) 3 x 3 x 3 3D data template.

hedron voxel is traversed to obtain the N-order adjacency
voxels on the basis of the ID. The N-order adjacency voxels
are called adjacentTetrahedron. In the third iteration, the
grade values of each N-order adjacency voxels are com-
pared with the grade value stored in the corresponding
node of the search tree. The node is called currentTreeN-
ode. If the grade values are the same, the node number
(named couter) is increased by 1. Otherwise, a new node
called treeNode is created. The search trees are constructed
after each tetrahedron of the 3D training images mined by
the data template.

Conditional probability extraction of data event For the con-
ditional probability extraction of data event, the tetrahe-
dron voxel grade model is generated after the UTV model
are evaluated. First, the N-order adjacency voxels are used
as the data template to mine the UTV model. Consequently,
search trees are constructed. Then, a data event centered
on the unevaluated voxel is extracted sequentially. The
conditional probability of the data event is extracted from
the search tree. Finally, the grade value of the unevaluated
voxel is calculated on the basis of the conditional probabil-

ity. The detailed process is described as follows.

(1) A simulation path is determined firstly when the un-
evaluated voxel of UTV model is evaluated. The stor-
age order of voxels in the UTV model is considered as
a simulation path. The simulation path is not a ran-
dom path. Along the simulation path, the voxel with
grade is not evaluated, and the unevaluated voxel is
evaluated.

(2) The 3D training images and the UTV model are read.

®)

)

©)

(6)

The improved half-edge data structure is used to orga-
nize and manage the model.

A customized data template with N-order adjacency
voxels is used to mine the 3D training images. Then,
the search trees are constructed.

The N-order adjacency voxels of each unevaluated
voxel are taken according to the simulation path. Some
conditional data exist in N-order adjacency voxels.
Then, the data event is composed by N-order adja-
cency voxels and unevaluated voxels. The conditional
probability of data event is found from the search tree.

In the process of obtaining a conditional probability
distribution from 3D training images on the basis of
data events, two issues may occur. First, the evalua-
tion can be obtained from the conditional data when
N-order adjacency voxels contain some conditional
data. Second, N-order adjacency voxels do not con-
tain conditional data. In other words, no voxel with a
grade is present. The unevaluated voxel is estimated
by the overall grade distribution probability in the 3D

training images.

After obtaining the conditional probability distribu-
tion, the grade value range corresponding to the con-
ditional probability is considered as the value interval
of a grade. In addition, the voxel numbers of grade
values are counted from the value interval in the 3D
training images. Then, the conditional probability of
each grade value appearing in value interval is calcu-
lated. For example, when the value interval of grade is
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from 1.5% to 2.1% in the 3D training images, the num-
ber of voxels is counted. Then, the number of voxels
are 10, 35, 20, 60, 40, 18, 39, respectively. In addition,
the conditional probabilities of the seven grade val-
ues are calculated by statistical data. The conditional
probabilities are 0.045, 0.158, 0.09, 0.27, 0.18, 0.081, and
0.176, respectively.

(7) The conditional probability of each grade in the value
interval is added up according to the value, and the
cumulative probability of the last grade is 1. The con-
ditional probabilities of the grade values that appear
in Step 6 are added up. Then, the cumulative proba-
bilities are 0.045, 0.203, 0.293, 0.563, 0.743, 0.824, and 1
respectively.

(8) To ensure the randomness of the evaluation results, a

~

random number in the range of 0-1 is generated. The
grade evaluation results of voxels are selected by com-
paring the random number with the cumulative prob-
ability. The cumulative probability described in Step 7
is taken as an example. When the random number is
0.55 that is between 0.293 and 0.563, the corresponding
cumulative probability is 0.563 and the voxel grade
evaluation result is 1.8%. When the random number
is 0.88 that is between 0.824 and 1.0, the correspond-
ing cumulative probability is 1.0 and the voxel grade
evaluation result is 2.1%. The evaluation result is used
as the conditional data for the subsequent evaluation
process.

(9) The next unevaluated voxel is traversed along the sim-
ulation path, and Steps 4-8 are repeated until all un-
evaluated voxels are assigned grade values. Then, the
tetrahedron voxel grade model is generated.

2.4. Reserves Calculation

On the basis of the spatial geometric relationship and grade
values of the tetrahedron voxel grade model, the tetrahe-
dron volume, the average weight of the ore and the grade
value are multiplied. Then, the resource reserve of each
tetrahedron is calculated. The reserves of the ore body are
obtained through adding up tetrahedron reserves.

Given that the basic geometric units of the tetrahedron
voxel grade model are tetrahedrons, the vertex coordinates
of the tetrahedron are set to Pj(x1,y1,21), Pa(x2,2,22),
P3(x3,Y3,23), Py(x4,Y4,24). The volume of the tetrahedron
voxel (V;), the quantity of ore of the tetrahedron (Q;), and
the mineral reserves of the tetrahedron voxel (P;) are cal-
culated by Formulas 1-3, respectively. The total mineral
reserves of the ore body is the sum of mineral reserves of

voxels in the tetrahedron voxel grade model.

X1 ]/1 Z1 1
_ 1 X2 yz V) 1
Vierahedron = 6| x3 y3 z3 1 1)
Xy Yyg oz4 1
Qi=VixD @
V; is the volume and D is the average density.
P = Qi xC ®)

C; is the voxel grade.

3. Case study

3.1. Study Area and Data Set

The study area is I-3 ore body that belongs to Heiniudong
copper deposit in Jiulong country, Sichuan Province. The I-
3 ore body is taken as the research object (Fig. 3). The I-3 ore
body is taken from a large-scale annular ore belt, which is
found in the mineralization alteration zone of metamorphic
rocks in the early proterozoic Liwu rock group.

Evident fractures are not observed in the study area.
The deformations during the period of metamorphism, es-
pecially the tectonic deformation of brittleness-ductileness
and ductility before mineralization, are fully developed.
The fault zones of the river bed and the mountain body are
approximately parallel main fault zones in the mine [33].
The strike is 310°-320°, the length is 775 meters, and the dip
angle is 23°-30° in the I-3 ore body. The axial direction of the
reverse side of I-3 ore body is 45°-225°. Overall, the strike
of I-3 ore body is slightly steeper in the shallow part, and
becomes gradual toward the deep part [34]. These charac-
teristics show that the inclination of I-3 ore body does not
change uniformly. The middle part is thick, and both sides
are thin in the I-3 ore body. These characteristics show that
the grade of I-3 ore body does not change uniformly. The
natural types of ore in the I-3 ore body mainly includes
brecciated, massive and quasi-massive types. Ore minerals
are mainly composed of pyrrhotite and chalcopyrite. They
also contain a small amount of molybdenite and pyrite [35].

Data set contains borehole data, contour lines, copper
grade of borehole, and exploration line data in study area.
The boreholes are sparsely distributed, with only 26 groups
of borehole data. The borehole data cannot fully repre-
sent the geological characteristics of the study area, which
results in the difficulty of accurate calculation of reserves.

3.2. 3D ITV Model of I-3 Ore Body

The I-3 ore body is taken as the research object. The re-
search data, such as the borehole data, contour lines, cop-
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Fig. 3. Information of I-3 ore body, (a) Horizontal projection drawing, (b) Selected research area (the figure contains the ore

boundary, contour lines and borehole distribution.).

per grade of borehole, and exploration line data, are orga-
nized and processed. Given the constraints of the delin-
eated boundary, the 3D ITV model is constructed by setting
the voxel number to 6 on the basis of the DEM data and
borehole data. The model contains approximately 50 thou-
sand tetrahedron voxels (Fig. 4(a)). To illustrate the spatial
structures and morphological characteristics of voxels ef-
fectively, Fig. 4(b) only shows the visualization of the local
details of screening tetrahedron voxels after magnification.

3.3. 3D Training Image of I-3 Ore Body

X is set to 5 meters, Y is set to 2.5 meters, and Z is set to
1.25 meters when the sampling data of the I-3 ore body is
analyzed. Then, a regular hexahedral voxel model with
120 thousand regular hexahedrons is obtained. Next, the
inverse distance weighted (IDW) method is used to esti-
mate the copper grade of each regular voxel of the model.
Then, a grade model of regular hexahedron voxel is gener-
ated. The distribution of the copper grade is visualized (as
shown in Fig. 5) by performing the volume rendering for
the grade values of voxels. Finally, the grade information
of 120 thousand regular hexahedrons is assigned to the 3D
ITV model containing 50 thousand tetrahedrons through
the intersection judgment. Through the above steps, the
3D training images are generated.

3.4. Copper Reserve Calculation of I-3 Ore Body

The UTV model with some conditional data is constructed
by assigning the grade information of 26 groups of borehole

data to the 3D ITV model. The search tree is constructed
through the 5th-order adjacency voxels as the data template.
Moreover, unevaluated grades are evaluated by extracting
the conditional probability distribution of unevaluated vox-
els. Then, the tetrahedron voxel grade model of the I-3 ore
body is obtained. On the basis of the tetrahedron voxel
grade model, the copper grade value contained in each
tetrahedron is calculated. The calculated average grade of
copper is 3.156%, and the copper reserves are 228,573 tons.
Comparing the results of ordinary Kriging method and the
new method with the average grade of 2.88% after mining
, the result error of the new method is smaller. Thus, the
new method is effective in simulating grade information,
and guarantee the accuracy of reserve calculation.

4. Conclusion

The calculation method for mineral reserves based on multi-
point geostatistics is proposed in this paper. The main
achievements of this research are as follows. First, the 3D
ITV model is constructed to represent the 3D geometric
shape. This model represents the spatial geometric rela-
tionship more effectively. Second, the construction of the
3D training image, and the definition of the data template
with N-order adjacency voxels and search tree construc-
tion for the 3D ITV model are realized. Thus, the spatial
correlation of multiple points is represented. Third, the
grade evaluation and mineral reserves of the 3D ITV model
are calculated. The accuracy of the evaluated grade by the
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Fig. 4. 3D voxel model of I-3 ore body, (a) All voxel models, (b) Screening voxel models.

Fig. 5. Grade model of regular hexahedron voxel of I-3.

new method is improved. Thus, the calculation accuracy of
grade distribution and mineral reserves is high. The valid-
ity of the new method is represented by taking a copper ore
body to calculate copper reserves. The results show that
the new method is more efficient than the existing methods
in calculating the mineral reserves.

The new method can more accurately represent the spa-
tial structure, 3D spatial geometric relationship, and spatial
distribution of the grade. Therefore, the new method can
realize the high-precision calculation of mineral reserves.
The new method has important theoretical and reference
significances in calculating other mineral resources.
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